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ABSTRACT

The last decade has witnessed a significant growth in our understanding of the past and continuing

effects of ice sheets and glaciers on contemporary crustal deformation and seismicity. This growth

has been driven largely by the emergence of postglacial rebound models (PGM) constrained by

new field observations that incorporate increasingly realistic rheological, mechanical, and glacial

parameters. In this paper, we highlight some of these recent field-based investigations and new

PGMs, and examine their implications for understanding crustal deformation and seismicity during

glaciation and following deglaciation. The emerging glacial rebound models outlined in the paper

support the view that both tectonic stresses and glacial rebound stresses are needed to explain the

distribution and style of contemporary earthquake activity in former glaciated shields of eastern



CanadaandFennoscandia.However,manyof thesemodelsneglectimportantparameters,suchas

topography,lateralvariationsin lithosphericstrengthandtectonicstrainbuilt upduringglaciation.

In glaciatedmountainousterrains,glacialerosionmaydirectlymodulatetectonicdeformationby

resettingtheorogenictopographyandtherebyprovidinganadditionalcompensatoryuplift

mechanism.Sucheffectsarelikely to beimportantbothin tectonicallyactiveorogensandin the

mountainousregionsof glaciatedshields.

In general,theshort-termresponseto icefluctuationsis similar to theEarth'sresponseto

fluctuationsin waterreservoirswith thesubsequentincreaseor decreasein seismicitywhich

dependson thepre-existingstressstate.Whentheicefluctuationsoccuron thespatialscale,and

magnitude,of theLatePleistoceneglaciationanddeglaciation,however,'theviscoelasticresponse

of theEarth(especiallythemantle)causessignificantchangesin crustaldeformationand

earthquakeactivity thatis spatiallyextensiveandtemporallycomplex.Theregionsof greatestice

thicknessandtheregionsmarginaltotheLatePleistoceneicesheetsindicatethemostdramatic

evidenceof earthquakefaulting.Themantleresponseto theselargeicemassfluctuationsandthe

changein massbetweentheoceansandlandcausedandcontinuesto causemeasureablecrustal

deformationat hundredsof kilometresfrom theicemargins.

Forbothtectonicallyactiveandcratonicregions,palaeoseismicinvestigationsof Late

PleistoceneandHolocenefaultsareanimportanttool in evaluatingearthquakehazard.The

predictedresponseof theEarthoverthis time,however,isverydependenton the model

assumed.For mostregions,far morecarefullydesignedfield observationsareneededto

constraintheexistingrheologicalandicemodels.



1. Introduction

Since the concept of glacio-isostasy was formulated over a century ago (Jamieson, 1865;

1882; De Geer, 1888), there has been strong theoretical and empirical support for the idea

that major glacial advances and retreats are accompanied by significant crustal deformation.

Glacio-isostatic observations, particularly of raised marine and glacial lake shorelines, and

uplift and subsidence estimates from tide-gauge measurements have been used extensively to

develop, test and refine models of Earth rheology (Walcott, 1970; Peltier & Andrews, 1976;

Lambeck, 1990). These models demonstrate that glacio-isostatic recovery from Late

Pleistocene glaciation is deep seated, involving both elastic flexing of the lithosphere and

viscous flow in the mantle, and as a consequence, that it affects large areas. Indeed, crustal

deformation related to Late Pleistocene deglaciation is global in extent, due to mantle flow

associated with isostatic adjustment, and by eustatic loading of continental shelves and ocean

basins due to sea-level rise. Furthermore, even the early workers such as De Geer recognised

that the upper-crustal response to ice-mass fluctuations was likely to have involved intense

seismic activity (de Geer 1940, cited in M/Srner, 1979). The role and significance of

seismicity in this process, however, has only been vigorously pursued in the last few decades,

driven largely by nuclear-waste disposal and seismic-hazard concerns in the previously

glaciated intraplate shields of North America and Fennoscandia (M/3rner, 1978; Adams,

1989a; Talbot, 1999). More recently, the recognition that crustal deformation and seismicity

are potentially important 'glacial' processes has infiltrated into mainstream Quaternary

science (Hunt & Malin, 1998).



A modernmilestonein theunderstandingof the interplaybetweenicesheets,crustal

deformationandseismicitywasin 1989,with thepublicationof theproceedingsof aNATO

workshopon 'Earthquakesat North-AtlanticPassiveMargins:NeotectonicsandPostglacial

Rebound'(Gregersen& Basham,1989).This collectionof papers,albeitwith its geographic

emphasison theNorthAtlanticseaboard,integratedice-sheetmodellingandfault-modelling

work,seismologicalstudies,andfield investigationsof neotectonicphenomenain former

glaciatedterrains,andin sodoingraisedimportantresearchquestions:i) wasthefinal decay

of the largecontinentalicesheetsin northernEuropeandeasternNorthAmerica

accompaniedby aburstof earthquakeactivity far moreintensethanthoseregionswitness

today?ii) arefaultsthatwereactivatedin postglacialtimesstill active?iii) howdoweassess

earthquakehazardsin deglaciatedregionsthatarenowseismicallyquiescent?iv) whatis the

relativeimportanceof platetectonicsandpostglacialreboundin earthquakegeneration?This

lastpoint is perhapsthemostcritical.

The last decade has witnessed increasing research into such questions, and in this context,

this special issue of Quaternary Science Reviews re-examines and updates several of these

issues. The volume is developed from a symposium at the XV INQUA Congress, held in

Durban, South Africa in August 1999, and demonstrates how the debate about the interplay

between tectonic and glacial systems has developed in the last ten years. It addresses issues

relating to other passive margins, evaluates the impact of ice-mass fluctuations on crustal

deformation at active plate boundaries, and considers the role of glacial erosion on regional-

scale landscape evolution, especially uplift. However, it is important to note that the study of

the interaction between ice sheets, crustal deformation and seismicity is far broader than the

scope of the papers encompassed in this volume. Areas of investigation that are 'missing'

from this volume range from studies of the seismicity of glacial dynamics ('icequakes') (Gaull



et al., 1992; Anandakrishnan & Bentley, 1993), and the interaction between glaciation and

volcanism. For example, large variations in the eruption rate of the spreading ridge on Iceland

over the last 10,000 years led Jull and McKenzie (1996) to examine the possibility that

deglaciation caused a higher rate between 8 and 10 kyr BP; we refer the reader to this work

for a wider discussion on the effect of deglaciation on mantle melting. Furthermore, there is a

growing recognition that glaciation and plate tectonics have combined to shape the Earth over

geological time (Eyles, 1993), and that the redistribution of mass that occurs during the

growth and decay of ice sheets may perturb the Earth's rotational state. Although the

rotational response of the Earth has important implications for climatic variation (e.g. Bills et

al., 1999; Peltier, 1998 and references therein) these are not discussed in this collection of

papers. Instead, the bulk of the papers in this special issue consider, direc'tly or indirectly,

how glacial loading and unloading drives the deeper seated viscoelastic response of the Earth

and upper-crustal faulting and earthquake generation. This paper sets out the background to

many of the debates currently active within the subject, and attempts to draw out important

outstanding issues.

2. Definitions and Scope

Quaternary science has long been concerned with the deformation effects of ice

sheets, though mainly from the perspective of providing field or laboratory insights into

present-day and, by inference, past glacier regimes. Research into such 'glaciotectonics'

conventionally focuses attention on "the structural deformation as a direct result of glacier

movement or loading" (INQUA Working group on Glacier Tectonics 1988), and largely

considers surficial deformation processes acting beneath or at the margin of glaciers,

produced directly by the movement of the glacier (van der Meer, 1987; Hart and Boulton
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1991; Harris et al., 1997). By definition these processes are related to the subglacial, and

proximal-proglacial domains. By contrast, this volume of papers examines the interplay

between glacial dynamics and structural deformation at a crustal scale, and is not concerned

with traditional 'glaciotectonics' research as defined by the INQUA Commission (Thorson,

this volume). In particular, the bulk of the papers presented here are concerned with the role

of postglacial rebound in modulating crus'tal deformation and seismicity, and some focus

specifically on how deglaciation itself is accompanied by marked changes in seismic-strain

release patterns - a tendency that has been termed 'deglaciation seismotectonics' (Muir Wood,

this volume). In this volume, we use the broader term 'glacio-seismotectonics' to refer to the

past and continuing effect of ice sheets and glaciers on contemporary crustal deformation and

seismicity.

3. Postglacial rebound: new models, old questions

The repeated growth and decay of major ice sheets cause major changes in vertical load, fluid

pressures and crustal strain, thereby potentially influencing the pattern, nature and rate of

crustal deformation and seismicity (seismotectonics) in affected regions. The last decade has

witnessed a significant growth in our understanding of this process, driven largely by the

emergence of new postglacial rebound models that incorporate increasingly realistic

rheological, mechanical and glacial parameters (James & Morgan, 1990; Spada et al., 1991 ;

James & Bent, 1994; Wu & Hasegawa, 1996a; 1996b; Wu, 1996; 1997; Johnston et al., 1998;

Klemann and Wolf;1998; Wu et al., 1999), as well as a careful evaluation of the model

limitations (Davis et al. 1999, Wieczerkowski et al. 1999; James et al. this volume). For

example, the recent models of Wu and co-workers incorporate ( 1) a viscoelastic spherical



Earthmodel;(2) arealisticice-sheethistory involving repeated cycles of loading and

unloading; (3) a more realistic total stress field (comprising glacial/deglacial induced stress,

tectonic stress and overburden pressure components): and (4) fault-instability determinations

(Wu, 1999). The outstanding contribution of this new generation of rebound models is that

they reveal how the viscoelastic response of the mantle to imposed surface loads can exert

significant horizontal stresses. As a consequence, glacial rebound is now widely considered

as a potential mechanism for crustal deformation and seismicity not only within limits of

former ice sheets but also for several hundred kilometres beyond the limits of glaciation

(James and Bent, 1994). Although these models are discussed in more detail by Muir Wood

(this volume), the key elements of how glacial loading/unloading cycles influence crustal

seismotectonics are summarised here.

Prior to glaciation, crustal deformation proceeds at a rate and with a style that is driven

largely by horizontal plate motions, but with the onset of glaciation the prevailing tectonic

stress state is overprinted by a glacial stress stress (Fig. 1). Fluctuating glacial loads result in

a lagged crustal response because while the elastic response to unloading/loading is

instantaneous, the viscoelastic response of the mantle is slower. Furthermore, the density

contrast between ice and rock ensures that the magnitude of the crustal adjustment is less than

the imposed ice-mass fluctuations (Fig. 2). Elastic crustal flexure results in a 'bowl' of

depression below the ice-sheet centre, accommodated by crustal contraction as deeper mantle

material flows radially outward from below the maximum ice load (Fig. 3a). Horizontal

crustal motions induced by the ongoing glacial isostatic adjustment increase out from the ice-

sheet centre and are greatest at the ice-sheet margins (James and Bent 1994; Peltier 1997). In

the upper crust, flexural stresses imposed by an ice load of a few km thick will be a few tens

of MPa (Walcott, 1970; Stein et al. 1989), which may typically match or exceed the



magnitudeof regional tectonic stresses (e.g. the present-day maximum horizontal

compression [aH] in eastern North America is - I0 MPa (Adams 1989b)) (Fig. I).

Beyond the ice-sheet margins, in the ice-free foreland, upper-crustal flexural upwarping.by

the adjacent glacial load, combined with the deep-seated in-migration of sub-crustal material

exuded from below the ice sheet, create uplift and radial crustal extension within the

surrounding forebulge rim (Fig. 1). Extensional stresses of up to I0 MPa are predicted for a

forebulge related to a roughly 1 km thick ice load (Walcott 1970, Stein et al. 1989). During

the same glaciation phase, the global lowering of sea level may also contribute to eustatic

unloading of continental shelves.

On deglaciation, the abrupt removal of the vertical stresses imposed by ice loading initially

leads to elastic rebound, causing crustal uplift, faulting and seismicity; the horizontal stresses

are more gradually relaxed through deeper viscoelastic return flow of the mantle material

(Fig. 3b). The result is a rising dome of radial crustal extension in the centre of the former ice

sheet that expands outward, to 'recover' a forebulge that is collapsing under crustal

contraction. In seismotectonic terms, the deglaciated upper-crustal region should be in

tension (normal faulting) and the unglaciated forebulge should be in compression (thrust

faulting), though compressive stress regimes often prevail within formerly glaciated areas due

to ongoing regional tectonic compression. Nevertheless, across the margins of former ice

sheets there are often marked changes in faulting style. For example, the focal mechanisms of

the larger events indicate that thrust faulting is the dominant mechanism in Eastern Canada.

However, along the northeast coast of Baffin Island, focal mechanisms are of the normal-



fault typewhile in northeastern United States, strike-slip faulting predominates. (Stein et al.,

1989, Hasegawa and Basham, 1989).

Models suggest that for a 1 km thick ice load, the rebound is several hundred metres, and the

corresponding stresses caused by deglaciation flexure typically reach tens of MPa, which is

equivalent to plate-driving stresses but may be almost an order of magnitude less than

stresses imposed by sediment loading on adjacent continental margins (Stein et al., 1989).

Within the former ice-sheet centre and its forebulge, predicted horizontal strain rates imposed

by glacial rebound may be several orders of magnitude greater than observed seismic strain

rates (James and Bent, 1994). At greater distances from the load centre, crustal subsidence

occurs due to loading of the continental shelves and ocean basins by water returned to the

global oceans (Walcott, 1970; Peltier, 1976; Lambeck, 1993).

The solid Earth relaxes towards a state of isostatic equilibrium long after the ice has melted.

However, because the northern hemisphere has been subjected to repeated continental-scale

glaciations, each of around 104 yr duration, during the Pleistocene (Shackelton et al., 1984), it

is probable that the cumulative effects of multiple glacial loading/unloading cycles have

contributed to the present-day glacially-induced strain field in this region (Klemann & Wolf,

1998).

4. How realistic are ice-history/Earth models?

The specific response of the Earth to a change in surface load, across different spatial scales

and on a variable time scale, depends on the rheological structure of the Earth. The effective
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viscositystructurewithin themantleandthicknessof theoverlyingrigid layerdetermine,to a

significantextent,thetiming,patternandmagnitudeof postglacialsurfacedisplacements.

Overthepast30years,_4Cdatedpalaeoshorelines,andtherecentsea-levelrecord,havebeen

usedto infer therheologicalpropertiesof theEarthandthespace-timegeometryof theLate

Pleistoceneicecover(Walcott, 1970;Peltier,1976;Lambeck1993).Specificice

history/Earthmodelsderivedfrom suchdata,however,arebothnon-uniqueandtheglobal

modelsdonotaccountfor lateralvariationsin rheology(seediscussionby Daviset al.,

1999).

As a consequence, there remain a number of important questions that need to be addressed: i)

how does the crust and mantle rheology control the spatial and temporal characteristics of

surface deformation following glacial fluctuations? ii) how much variation is there between

rheological structure in plate-boundary regions and plate-interior regions? iii) what is the

'trade-off' between lithospheric thickness and asthenospheric viscosity for determining the

predicted surface deformation? iv) what is the 'trade-off' between ice-sheet models and Earth

rheology in predicting surface displacements? v) what kinds of additional high-resolution

field data are needed to constrain rheological models?

Global rheological models do not include lateral asthenospheric viscosity variations, though

these would be especially important in calculating deformation rates due to postglacial

rebound in tectonically active regions (Kaufman and Wu, 1998). James et al. (this volume)

used shoreline tilts of two proglacial lakes and rapid sea-level fall following the retreat of the

Cordilleran ice sheet at the northern Cascadia subduction zone to constrain the response of

the Earth to ice unloading. Their paper shows the trade-off between the effective viscosity of
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theuppermantleandthethicknessof the lithosphere.To accountfor theuplift observations,

anuppermantleviscosityof lessthan1020Pas is required.This is lower thanviscosity

estimatesderivedfrom postglacialreboundstudiesof tectonicallylessactiveregions. There

isagrowingbodyof resultsfrom othertectonicallyactiveregionswhichsuggestsignificant

regionalvariability in rheologicalstructure(Iceland,SigmundssonandEinarsson,1992;

Japan,OkunoandNakada,1998;BasinandRangeof theUnitedStates,Nakibogluand

Lambeck,1983;Bills andMay, 1987).Thelowerviscosityvaluesfor theuppermantlenear

theCascadiahaveimplicationsfor both thetemporalandspatialpatternof postglacial

rebound,aswell asimplicationsfor modulatingthetimingof largeearthquakes.

GlobalpostglacialreboundmodelssuchasICE-4G(Peltier,1994)makepredictionsof global

sea-levelfor the last 11,500calendaryearsthatcanbecomparedwith Holocenesea-level

changehistoriesfor particularcoastlines(Shennanet al., 2000). To investigate sea-level

changes over a longer time span, Rostami et al. (this volume) used Quaternary marine

terraces along a 1000 km long stretch of the east coast of Argentinian Patagonia. The

inferred Holocene sea-level histories were compared to those predicted from the ICE-4G

model of the global process of glacial isostatic adjustment following Late Pleistocene

deglaciation (Peltier, 1994). Although the ICE-4G model predictions match well with the

documented relative sea-level (rsi) history along the northern part of the east coast of South

America, Rostami and co-workers found a misfit between ICE-4G predictions and observed

rsl history in Argentinian Patagonia. They hypothesized that the wide Argentinian shelf

could cause a hydro-isostatic response to sea-level fluctuations that is not accounted for in

ICE-4G, or that significant Holocene uplift of the region associated with subduction beneath

South America systematically distorts the marine terrace heights. Another important effect in

regions with significant recent ice cover, such as Patagonia and Alaska, is the influence of
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lateHoloceneglacialfluctuationsonuplift ratesandseismicity(IvansandJames,1999,

Sauberet al., 2000).

5. Do large ice sheets suppress seismic activity?

An apparent tendency for large continental ice sheets to suppress tectonic activity was first

noted by Johnston (1987, 1989). According to Johnston, in regions where the maximum

tectonic stress is horizontal (that is, in strike-slip and compressive tectonic regimes, but not in

tensional regimes), the existence of an ice sheet will tend to increase vertical stresses far more

than horizontal stresses, thereby bringing vertical and horizontal stresses more into balance

(Fig. 3a). The resulting reduced 'deviatoric stress' promotes the conditions for fault stability,

and therefore, inhibits seismic-strain release. However, Muir Wood (1989) recognised that

ongoing tectonic motions will tend to progressively reduce crustal stability the longer the ice

sheet is in existence. Where tectonic loading was fast enough in relation to the duration of the

ice sheet (as in plate boundary regions), then the crust below the ice sheet would eventually

revert to its pre-glacial tectonic state, and seismicity would resume at levels comparable to

those that existed before ice-sheet growth (Muir Wood, this volume). Johnston (1987, 1989)

argued that glacial loading could explain the relative aseismicity of the crust beneath the

present-day ice caps of Antartica and Greenland. It is possible, however, that these areas

have, in fact, adjusted to their glacial loads and that they are simply intraplate areas with less

seismic-strain release. In short, the suppression of seismicity by ice sheets need not apply to

every glaciated or formerly glaciated region, as is demonstrated in the following discussion

which shows that the behaviour of large ice sheets need not apply to smaller ice sheets,

whose imposition can actually promote crustal instability (Johnston et al., 1998).
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6. Do great ice sheets induce large earthquakes?

Overall, the combination of deep-seated faults cutting cratonic shields formerly loaded by

major ice sheets may be the ingredients for earthquake magnitudes that are far greater than

can be hosted by other intraplate regions. In layman's terms, it seems as if great ice sheets

can induce large earthquakes (Johnston, 1996). However, recent modelling studies suggest

that the size of ice sheets may not be the main control on the degree of crustal instability they

promote.

At the culmination of the Last Glacial Maximum, ice sheets had thicknesses in the range of 2-

3 km (Boulton, 1985) and radii approaching 1000 km in Fennoscandia and 2000 km in

Laurentia. Ice sheets in Iceland, the British Isles and the mountain chains of Europe were

smaller and thinner. Recent modelling suggests that these different scales of glacial load may

have induced very different crustal responses. In particular, Johnston et al. (1998) have

shown that the patterns and magnitudes of stress in a flexed lithsophere depend on the

dominant wavelength of the load (twice the ice-sheet diameter) relative to the elastic

thickness of the lithosphere. Greatest stress changes are induced by ice loads with dominant

wavelengths close to 12 times the elastic thickness of the plate, when horizontal stresses may

be up to six times as large as vertical stresses. According to the Earth-model parameters used

by Johnston et al. (1998), horizontal stresses are amplified to their greatest extent for ice

loads with a radius of ca 280 kin, which is roughly comparable to the dimensions of the main

British ice sheet at the Last Glacial Maximum. For a modelled ice sheet of 333 km in radius

and 1000 m thickness, horizontal stresses are predicted to be up to 2.5 greater than the



14

verticalstress(23MPaand9 MPa,respectively).For largericesheets(with radii of ca I000

to 2000kin), theamountof horizontalstressisof asimilar magnitudeto theverticalstress,

sincethedominantwavelengthof thelargericesheetsis further from thecriticalwavelength

(thoughsincemoreextensiveicesheetsareinvariablyalsothicker,horizontalstresschanges

maybemuchlarger).Themodellingsupportsthecontentionby Johnston(1987)thatfor

glacial loadsof largelateralextent(relativeto lithospherethickness),ice-sheetloading

stabilisesfaultsunderneaththeload,whileunloadingdestabilisesfaultsthere.For small

(radiusca333km) icesheets,however,loadingcausesanincreasein stabilityof lessthan1

MPaat shallowdepth,butpromotesinstabilityatgreaterdepths.Beyondtheicemargin,

loadingdecreasesstabilityfor all icesheets,andunloadingalsodecreasesstabilityrelativeto

the initial pre-glacialstate.

Severalimportantimplicationsarisefrom suchmodels.Firstly, whereasstabilityisexpected

beneathlargericesheets,fault instabilityispromotedunderneathmoderateto small ice

sheets.Secondly,thelargesticesheetsneednotgeneratethe largestearthquakes,in part

becausethisdependson thepre-existingstressstate.In addition,Johnstonet al. (1998) argue

that because the lateral extent of the 1000 km radius Fennoscandian ice sheet was closer to

the thickness of the lithosphere than the 2000 km radius Laurentide ice sheet, larger

horizontal stresses, and therefore greater potential rebound stresses to reactivate faults and

trigger earthquakes, existed for the smaller Fennoscandian ice load. Thirdly, because ice

sheets grow and decay in extent during a glacial cycle, we should expect their consequent

effect on crustal stresses to similarly change over time. For example, Hasegawa and Basham

(1989) suggested that a receding Laurentide ice front at 10-9 kyr BP could have reactivated

normal faults along the St Lawrence seaway, while, at 8 kyr BP, the ice margin was

positioned appropriately to trigger faulting in the Peel sound area of Arctic Canada (Fig. 4a).
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Morerecently,Talbot (1999)hasproposedthatthepulseof seismotectonicactivity in the

LaplandFaultProvincemayhavecoincidedwith thetimewhentheLateWeischselianice

sheetin thatregionwasof asizethatcoincidedwith thecritical wavelengthof theunderlying

lithosphere.Thesamemightbeexpectedto haveoccurredduringthedecayof theLaurentide

icesheet.Fourthly,themodelshighlighthow glacialloadsareunlikely to act in isolation.For

example,the influenceof theFennoscandianicemassis predictedto haveledto greater

crustalstabilityfor theBritish Islesrelativeto otherareasin its peripheralforebulge,even

thoughthemainBritish icesheetactingaloneoughtto promotecrustalinstabilitybelowit

(Johnstonet al., 1998). Again, we might also expect there to have been similar destructive (or

alternatively, constructive) interference of opposing glacial stress fields in eastern North

America, where different major ice lobes co-existed during the Last Glaciation (Fig. 4a).

Around 8 kyr BP, for example, the Boothia Uplift-Bell Arch area, a prominent seismotectonic

zone, was located in the cumulative forebulge of three separate loading centres, which we

would expect to reinforce their crustal effects (Hasegawa and Basham, 1989).

The focus of most post-glacial rebound modeling is on the retreat of the extensive ice sheets,

but the question remains as to whether fluctuations in loading by smaller ice masses have a

discernible seismotectonic influence? And if so, over what time and spatial scale are

discernible effects observed. Johnson et al. (I 998) modeled the crustal effects of ice sheets as

small as 330 km in radius. They found that for smaller loads there is faster relaxation

because the smaller load is partly supported by the elastic lithosphere and it mostly stresses

the less viscous upper mantle, which flows faster than the more viscous lower mantle.

However, empirical studies suggest that the smaller ice sheets may have a continued

influence on seismicity. In Britain, Musson (1996) noted that much of the present-day

seismicity coincides with the former margins of the Younger Dryas ice cap which had a
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radius of only ca 50 km covering part of the western Scottish Highlands for a period of about

1000 years, following the decay of the LGM British ice sheet. Musson speculated that

optimally oriented faults that were reactivated during decay of the LGM ice sheet may remain

seismically active. Rebound caused by the deglaciation of a moderately small ice cap that

covered the Swiss Alps at the Last Glacial Maximum may still be a large component of the

present-day uplift rate detected in that area (Gudmundsson, 1994). Significant ongoing

glacial rebound in the Swiss Alps may explain enhanced early Holocene seismic activity

(Beck et al., 1996), postglacial faulting (Geiger et al., 1986) and even large historical

earthquakes (Meyer et al., 1994) in the region.

Theoretical models and field studies in southern Alaska show that changes in the thickness of

ice due to recent glacier surges, as well as glacial retreat this century, can produce

measureable crustal deformation on a local and regional scale (Clark, 1977; Cohen, 1993;

Sauber et al., 1995, 2000). Additionally, Sauber et al. (2000) show that the stress changes

associated with these glacial changes are significant relative to the stress drop in earthquakes

and may cause fluctuations in the background seismicity. The suggestion by Cohen

(1993) that recent ice mass redistribution in regions which are not tectonically active might

also produce locally significant and detectable crustal deformation, and thereby a

seismotectonic expression, remains untested. For the glacier surge case, the spatial extent of

the ice-mass fluctuations may be less than the thickness of the lithosphere and the Earth

would respond primarily as an elastic medium. The seismotectonic effect would be similar

to observed changes associated with water-reservoir impoundment with changes in local and

even regional seismicity (see discussion by Thorson, this volume). The global retreat of

temperate glaciers this century occurs on a more regional scale in places like Alaska and

Patagonia, and the viscoelastic response of the Earth needs to be considered. Recent ice-
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massfluctuationsof theGreenlandicesheetaswell asAntarcticaarethesubjectof ongoing

studies(Wahret al. 1995; James and Ivins, 1998, Van Dam et al., 2000).

7. Was deglaciation a period of enhanced seismotectonic activity?

A decade ago, Gregersen & Basham (1989, p.3) concluded that "...there has been a growing

consensus among seismotectonic specialists that in glaciated regions the rates of significant

earthquake activity were far greater immediately following deglaciation than they are today."

This view largely stemmed from the emergence in the 1980s of evidence for significant

crustal faulting and palaeoseismicity in northern Fennoscandia, and to a lesser extent eastern

Canada, around the time of deglaciation (Lagerbfick and Witschard, 1983; Muir Wood,

1989). Thus, in the Lapland Fault Province of northern Fennoscandia (Fig. 5),

geomorphologicai and stratigraphicai studies indicated that all the main postglaciai faults are

likely to have formed in association with deglaciation (Muir Wood, 1989; 1993; Talbot,

1999). For example, relations between the 50 km long LansjS_rv Fault and different landforms

produced during ice wastage (e.g. eskers, meltwater channels and shorelines) and a complex

till stratigraphy revealed by fault-trenching, provided a good reference for dating fault

movement, and showed that faulting occurred within a few years to decades of being

uncovered by the ice (Lagerback, 1988; 1990; 1992). Similarly, the 165 km long P_rve Fault

was shown to have developed while ice still covered part of the fault's trace (Lagerb_ick &

Witschard, 1983). These and related studies indicate that, in Fennoscandia, faulting can be

directly linked to the final stages of ice-sheet recession, with the bulk of this seismotectonic

activity probably occurring within a very short period, possibly only a few hundred years



(Muir Wood, 1989;1993).In thiscontext,Talbot(1999)referredto theLaplandfaultsas

'endglacial',andarguedthattheymaybeaproductof therapiddeglaciationof thisregion.

Recentmodellingworkhaslargelycorroboratedthisview, thoughthemodelsrevealhowthe

locus,timing anddurationof this 'pulse' of deglaciationseismotectonicsmayvary

dramaticallybothbetweendifferentglaciatedregionsandacrossaparticularregion.For

example,accordingto Wu (1999),in thecentralpartof theLaurentianice-sheet,fault

instabilitybeginsat around7-9kyr BPandthegreatestinstabilityis reachedaround7-4kyr

BP. In ice-marginalareas,suchasin Newfoundland,whereicewastageoccurredearlier,

instabilityis initiatedearlier,around13kyr BP,butwaslikely to havebeensuppressed

duringtheperiod10-7kyr BP whenrapidicewastagecausedstrongeustaticloadingof

continentalmarginallocations.In areasbeyondtheicemargin,suchasin thenorthern

U.S.A.,theonsetof seismicandfault activitywasdelayeduntil around8 kyr BP.For

Fennoscandia,themodelspredicttheonsetof postglacialfault activity is around11-9kyr BP,

prior to completedeglaciation,andmaximuminstabilityis attainedaround10-7kyr BP, far

earlierthanin NorthAmerica(Wu, 1999).

Thesemodelsrevealhowatanygiventime,differentpartsof aglaciateddomainwill behave

differently.Forexample,ataround9 kyr BP,duringtheearlystagesof deglaciationin

Laurentia,crustalstabilityis promotedbothunderneaththeexistingiceandfurtherawayin

the ice-freeforebulge,whilst instabilityisconcentratedin the interveningdeglaciatedice-

marginalzones.Suchmodelpredictions,however,arehighlysensitiveto theviscosity

structureused,andideallycouldbevalidatedandrefinedagainsthigh-resolutionfield dataon
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the timing and duration of fault activity in different regions. Unfortunately, as is discussed

later, no such dataset currently exists.

8. Are the Lapland postglacial faults a 'unique' tectonic environment?

In the Lapland Fault Province, several of the postglacial faults have lengths of 50-150 km and

maximum surface displacements of 5-30 m; in several cases, displacements of up to 15 m are

considered to have been achieved in one, or at most two, slip events (Muir Wood 1989) (Fig.

5, Table 1). Postglacial faults like the Pave Fault appear to cut the entire thickness of the

Fennoscandian crust (Arvidsson, 1996), which Slunga (1989) showed is seismogenic down to

the Moho near 45 km. Based on their inferred fault-displacement / fault-area dimensions, the

Lapland faults may have hosted earthquakes with magnitudes as high as 8.2 (P_trve Fault) and

7.8 (Lansj_v Fault) (Johnston 1996) (Table 1). Much of our understanding of glacio-

seismotectonics comes from northern Fennoscandia, but are the seismotectonics of this region

typical of deglaciated regions more generally?

It remains uncertain whether faults comparable to those in the Lapland Fault Province are

characteristic of other formerly glaciated terrains, or whether this instead represents a 'unique

tectonic environment' (Muir Wood 1989). Such large faults may simply not exist in areas like

eastern North America, where rebound stresses associated with the Laurentide ice sheet are

predicted to be less than the Fennoscandian ice sheet (Johnson et al., 1998). Adams (1989)

and Muir Wood (1989) had speculated that, if they were to occur at all, broadly equivalent

glacial rebound conditions might be expected along the northeastern margin of the former

Laurentian ice sheet, between coastal Labrador and Baffin Island. Ten years on, there remains
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noevidencefor significantpostglacialfaultsin theseareas.An inventoryof postglaciaifaults

in easternandArctic Canada(Fenton1994)revealsonly twocandidatestructuresthatmight

possiblyapproachthescaleof theLaplandfaults;(I) theAspyFault in easternCanada,and

(2) thePeelSoundfault zonein Arctic Canada.TheAspy Faultoffsetsa 125,000yearold

interglacialrockplatformonCapeBretonIsland(A in Fig. 4a),but thefault scarpis not

exposedandsurficialdepositsshownoevidenceof Holocenemovement(Grant,!990). In the

PeelSoundareaof NorthwestTerritories(P in Fig.4a),elevated9300yearold shorelines

appearto beoffsetacrossthesoundby aninterveningfaultor groupof faultswith a

cumulativethrowof 60-120m (Dykeet al., 1991). The absence of dislocations on younger

shorelines brackets the duration of fault activity to an interval of around 1000 years during

deglaciation, after which no significant fault movement occurred (Dyke et al., 1991), but the

causative fault zone appears to lie offshore, away from direct investigation. Conceivably,

both these faults may have hosted large single-event surface displacements comparable to the

Lapland faults, but there are no signs of the Aspy Fault having been activated during the most

recent deglaciation and shoreline dislocations in the Peel Sound can not be related to specific

faults.

Based on our current understanding, therefore, postglacial faults in the Lapland Fault

Province appear to have much larger displacements, and much greater lengths, than the

Canadian equivalents. In both regions, however, most of the reported postglacial faults are

compressional structures (thrust faults), a mode of failure that is consistent with a glacial

rebound mechanism (Wu, 1999). However, glacial rebound models also predict much spatial

and temporal variability in the style of seismotectonic activity during and following

deglaciation (Fig. 6). At the Last Glacial Maximum (20 kyr BP), for example, normal faulting

is predicted below the Fennoscandian ice cover, but pockets of thrust faulting and strike-slip
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faultingmayhaveco-existedwith this. Followingdeglaciation(8 kyr BP),thrustfaulting

dominatedwithin theformerglaciatedregionandnormalfaultingdominatedtheforebulge,

but theseareconsideredto havebeenseparatedbybelt of strike-slipfaulting thatbecomes

moreextensiveinto lateHolocenetimes.Largestrike-slipfaultsaresuspectedto havebeen

activein Fennoscandia(TalbotandSlunga1989),but theyhavenotbeendemonstratedto

haveappreciablepostglacialoffset.However,significant(10t-102m) horizontal

displacementsarereportedfor short(1 - 14km long)faults in theScottishHighlands

(Ringrose,1989a;Fenton,1992),which layboth in theforebulgeof theFennoscandiaice

sheetandbelowthemuchsmallermainBritish icesheet.In thisvolume,Firth & Stewart

questiontheevidencefor significantpostglacialstrike-slipfaulting in Scotland,andFig.6

suggeststhatthrustfaultingwasmaintainedin thisregionuntil lateHoiocenetimes.

Nevertheless,themessageof Fig. 6, andalsoof Fig. 1,is thatwecanexpectadiversityof

structuralstylesandchangingmodesof fault failuresin differentpartsof a deglaciated

region,andindeedat thesamelocationat differentpointsin time.Clearly,theexpressionof

glacio-seismotectonicactivity in areasawayfrom regionsof majorice-massfluctuationsis

goingto be far morevariedandcomplexthanthedramaticevidenceof earthquakefaulting

preservedin theLaplandFaultProvince.How then,dowerecognisethesurficiaieffectsof

glacio-seismotectonics?

9. How can we recognise postglaciai seismotectonics?

Identifying field evidence for postglacial seismotectonic activity is problematic, since the

surficial effects of ground rupture and seismic shaking in former glaciated terrains may be

difficult to distinguish from glaciogenic, cryogenic or loading phenomena. In both eastern
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NorthAmericaandsouthernFennoscandia,faultsaffectingglacially-scouredsurfaceshave

beeninterpretedby someworkersastheneotectonicstructures(Adams,1989b;Mrrner

1990)andby othersastheproductsof glacialerosionandtransport(Broster& Burke, 1990;

Talbot, 1999).In somecases,thedifficulty in distinguishingdeformationstructurescaused

by glacierover-ridingfrom neotectonicstructureshaveimportantseismic-riskimplications

(Mohajeret al., 1992; Adams et al., 1993). So how we can discriminate between tectonic

deformation and non-tectonic deformation processes?

Currently, postglacial faulting is identified on the basis of key 'diagnostic criteria' that are

argued to discriminate neotectonic surface faulting from other unrelated phenomena (Mohr,

1986; Fenton, 1992; 1994; 1999; Muir Wood, 1993). In assessing the claims of neotectonic

faulting in Norway, for example, Dehls et al. (this volume) use the scheme of Muir Wood

(1993), in which key criteria are: (1) offset of a surface or material that was originally

continuous and unbroken, and whose dislocated fragments, if dated, can be demonstrated to

be of the equivalent age; (2) offset can be shown to relate directly to a fault, and not the result

of differential compaction or drape over pre-existing (erosional) scarps; (3) the ratio of

displacement to overall length of the feature is more than 1: 1000; (4) fault displacement is

reasonably consistent along the length of the feature; and (5) fault movement is synchronous

along its length. On the basis of satisfying these criteria, suspected postglacial faults are

awarded varying degrees of uncertainty: (A) Almost certainly neotectonics; (B) Probably

neotectonics; (C) Possibly neotectonics; (D) Probably not neotectonics; and (E) Very unlikely

to be neotectonics. Although this scheme is widely applied to assess claims of neotectonic

faulting in Fennoscandia, it is debateable as to the extent to which such simple checklists can

effectively consider the myriad of different scales and styles of postglacial deformation that
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mayoccurin all formerglaciatedregions.Essentially,however,therearetwo important

attributesin recognisingpostglaciaitectonicfaults- their ageandtheir tectonicmechanism.

As yet,nopostglacialfault in easternNorthAmericaor Fennoscandiahasbeendated

radiometricallyto give anabsoluteagefor apaleoearthquake/faultingevent. Instead,the

agesof postglacialfaultsarededucedfrom their relationsto glaciogenicdepositsand

landformsthat,in turn,trackthelocaldeglaciationhistory. In this respect,apostglacialfault

oughtto demonstrablydisturband/ordisplaceLateglacialor Hoiocenesedimentsor

morphologicalfeatures,suchasshorelinesor glaciatedsurfaces,andideallyoughtto exhibit

noevidenceof glacialmodification(Fenton,1992).In thisregard,bothMohr (1986)and

Fenton(1992)contendthattrenchingisgenerallynecessaryto demonstratethatascarpis

unequivocallytheresultof Lateglacialor postglacialfault activity andqualify thedegreeof

glacialmodification.

In termsof establishingatectonicorigin, wemightexpectthat apostglacialfaultoughtto be

comparablein styleto recentearthquakefaultsrupturingotherstablecontinentalinteriors.

Thesurfaceexpressionof thefault is likely to beamisleadingindicator,sincepostglacial

faultsmayvarymarkedlyin theirdisplacement,geometryandmorphologyalongstrike(Muir

Wood,1993),andweknowfrom modernearthquakerupturesthatconsistentslip along

tectonicfaultsrarelyoccurs(stressfieldsaresoheterogeneouson thelocalscale).An

alternativeapproachis toconsiderthattheparametersof postglacialfaults(fault

displacement,fault length)oughtto becomparablewith thosedocumentedfrom earthquake

faulting in otherstablecontinentalregions(WellsandCoppersmith1994).In particular,fault

displacement: lengthratiosof I: 10,000-1:100,000,which is typicalof reverse-fault
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intraplate earthquakes ruptures, are generally considered as indicating neotectonic faults

(Muir Wood, 1993). In the Lapland Fault Province, structures like the P_rve and Stuoraggura

Faults have displacement : length rations in this range, but other faults (such as the Lansj_irv

Fault) have considerably higher (!:1000) ratios; it is still unclear what these higher ratios

mean (Muir Wood 1993). They may be signifying different causative mechanisms. High

displacement-to-length ratios, for example, are reported for postglacial faults in the French

Alps, the Cantabrian Mountains (NW Spain) and the northern Andes that have been attributed

to gravitational spreading (i.e. sackung) or localised postglacial rebound (Alonzo and Corte,

1992; Ego et al., 1996; S6brier et al., 1997). However, Kanamori and Allen (1996) present

empirical evidence that suggest that earthquakes with long repeat times generally have higher

stress drops and, thereby, might be expected to generate faults with high displacement :

length ratios. Thus, high displacement : length ratios may simply indicate that faults may not

have been 'activated' since the last glacial event or may only be very slowly accumulating

tectonic strain. Since displacement : length ratios have been used to estimate palaeo-

magnitudes (Fenton, 1992), a much larger dataset of faulting events in former glaciated

regions is required to establish if such fault parameters are sensitive and reliable indicators of

tectonic faulting in former glaciated regions (Dehls et al., this volume). A crucial uncertainty

is how slip on glacially-activated faults varies as a function of depth. For example, does

heightened shallow crustal stresses cause displacement to be greatest at the surface rather

than at the base of the seismogenic layer in tectonic faults.'?

Dehls et al. (this volume) present a high-quality case study of two long-suspected postglacial

faults (Stuoragurra and Nordmannvikdalen) in northern Norway. The study demonstrates

how a combination of geological and geomorphological mapping, geophysical imaging, and

in one case, trenching across the possible fault-line, is needed to demonstrate postglacial
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displacementandrule out other non-tectonic mechanisms. The results of this integrated

approach strongly support postglacial faulting, but the draw attention to many of the

problems involved in this type of research. Firstly, the structure revealed by the trench has

many characteristics similar to the internal structure of a turf-banked lobe developed by

gelifluction over permafrost in a periglacial region (French, 1996). In particular, Figures. 3

and 4 which record the structures in the cross-sections revealed by trenching, show forms that

are very similar to the overturned sediments of a surf-banked lobe, caused by caterpillar-like

downslope movement of the surface material (Harris, 1972; Elliott and Worsley, 1999). The

seismotectonic interpretation proposed by Dehls et al. is confirmed only by their high-quality,

detailed representation (see their figure 5) of the sedimentary structures exposed by

trenching, which show abundant load structures (what they call convolutions) of a type that

would not have been formed by gelifluction. Similarly, the landform identified by Dehls et

al. has a form that is characteristic of mass-movement features, especially turf-banked lobes,

formed in periglacial regions. Indeed, close scrutiny of Figures 9 and 11 shows that small

lobate forms extend downslope from the general line of the fault displacement, suggesting

that some mass movement has occurred since faulting. This highlights a real problem of

studying landforms in regions that have been glaciated. Namely, the development of

permafrost and periglacial mass-movement following deglaciation which results in the

formation of landforms that are similar to those formed by tectonism. This problem is

addressed by Dehls et al. and they emphasize the linear nature of their faultline, which would

not form by periglacial mass-movement, and the small scale of the lobate displacements,

which reflect the effects of mass-movement since the tectonic event. Finally, investigations

of landforms in periglacial regions emphasize the problems of dating buried soils. Matthews

(1980) revealed that ages from a single buried soil (a podzol) ranged over 2250 14C yrs due
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tOmixingandtheresidencetimeof organicmaterialsin soils- a problemclearlyrelevantto

thedatingof postglacialfaulting.

Thestudyof theStuoragurraFaultby Dehlset al. suggests that the fault had around 10 m of

displacement, and that this was achieved in one major faulting event. Preliminary

investigations of the Nordmannvikdalen fault are consistent with this being a tectonic

structure, but a gravitational origin can not be eliminated for the reasons outlined above. In

both cases, however, the timing of fault activity is only loosely constrained, though both

probably formed shortly after deglaciation. Alongside the Lansj_v and PS_rve faults, the

Stuoragurra Fault is now one of the most intensively studied postglacial faults, but key

aspects of its movement history still remain uncertain. The study both exemplifies the

multidisciplinary investigations that will be increasingly expected to be applied to the study

of postglacial faults, and the likelihood that, even with these, much of the evidence for past

surface faulting in former glaciated terrains remains ambiguous and suggests the need for

new innovative approaches.

In lamenting the poor surface expression of the 1989 Ungava surface rupture, Adams et al.

(1991) suggested that, despite the indirect nature of the evidence, a disturbed horizon in

adjacent lake sediments may provide the best long-term record of that earthquake, and

perhaps of other earthquakes on the Canadian shield. Sediment liquefaction and ground

failure phenomena described from recent moderate (M 5-6) earthquakes in formerly glaciated

settings (Tuttle et al. 1990; Davenport et al. 1994) remind us that even comparatively modest

earthquakes may trigger widespread and permanent ground effects. Such case studies

provide ( 1) key diagnostic criteria for recognising the seismic origin of relic liquefaction or

landslide phenomena, and (2) the basis for empirical relations that permit estimation of past
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earthquakemagnitudesandshakingintensities(seerecentreviewsby Jibson,1996,and

Obermeier,1996). However,caremustalwaysbetakento ensurethatthesedeformation

structuresarenotproducedbysimple loadingof sedimentsdepositedrapidly,with aninverse

densitygradient,in conditionsthatmaintainedveryhighpore-waterpressures(seeAllen,

1984,VolumeII, Chapter9 for a comprehensivereviewof theprocesses).Often it is

impossibleto differentiatebetweena simplegravitationally-inducedstructureandashock-

inducedstructure,but examinationof thesedimentarysequencewith respectto thedensity

gradientcanbehelpful. Whereverticalsequencesdepositedin water,havemore-dense

material(sands,gravels)overlyingless-densematerial(silts,silty claysthat hold large

volumesof water)therewouldbea tendencyfor gravitationally-induceddeformation

(loading)to takeplace,whereassedimentarysequenceswith a normaldensitygradientare

likely to requiresomeindependentcause,suchasashockprovidedby anearthquake,or a

glacierploughingto a sedimentbody.

With caution,derivedfromanunderstandingof theconditionsthatdeterminesediment

deformation,it ispossibleto usemarineandlacustrinesedimentsequencesto serveasan

archiveof palaeoearthquakeactivity. This requiresthepreservationandidentificationof

unequivocalcoseismic'eventhorizons'.Thenatureof thisevidencecantakeseveralforms.

Anomalousor distinctivelakesedimenthorizonshavebeencorrelatedwith historical

earthquakesin easternCanada(Doig, 1990,1991,1998)andtheEuropeanAlps (Chapronet

al., 1999). Submarine geophysical and coring investigations have identified probable

earthquake slumps and flows in lake sediments in Canada (Shilts & Clague, 1992; Ouellet,

1997) and the French Alps (Beck et al., 1996). Deformed Lateglacial or postglacial laminated

sediments have been interpreted as earthquake-induced structures in Scotland (Davenport and

Ringrose, 1987; Ringrose, 1989b), Sweden (LagerbS.ck, 1991; Mrrner, this volume) and
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easternCanada(Broster& MacDougall,.1997).In suchenvironments,theidealconditions

for identifyingpalaeoseismiceventsarelaminatedsedimentarysequences,wherespecific

laminaecanbe relatedto avarvechronologyagainstwhich it ispossibleto determinetheage

of thedisturbance.Recentstudiesutilising thisapproachin Fennoscandiaincludethoseby

Mrrner & Trrtfen (1993),Mtirner (1996,this volume),andTrtitfen& Mtirner (1997),anda

generaloverviewof themethodis givenin Trrtfen (1997). Offshore,high-resolutionmarine

depositionalsequencesalsohavethepotentialto recordearthquake-triggeredslumpingfrom

adjacentcontinentalmargins(Grantzet al., 1996).

In most of the above cases, multidisciplinary investigative practices (high-resolution seismic,

side-scan sonar and borehole drilling) and detailed analyses of the sedimentological,

geochemical and palaeoenvironmental characteristics of the disturbed sequences are needed

to establish the likelihood of the seismic hypothesis. The rapid emergence of such studies

over the last decade suggests that this will be an important areas of future

palaeoseismological research, and one in which that Quaternary scientists can make

important contributions.

10. Are faults that were activated in postglacial times still active?

"Available evidence suggests that the forces that produced large fault offsets in the

immediate postglacial period do not present a particular hazard today. The Fennoscandian

reverse faults, for example, are essentially aseismic." (Gregersen & Basham, 1989, p. 3). But

is this really the case? Faults are lines of weakness that may be persistently reactivated, so

their likelihood of reactivation is largely dependent on whether the prevailing state of stress

has brought them close to failure, and whether their orientation, with respect to the prevailing
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stress regime, allows them to move. In short, faults that are favourably oriented with respect

to the contemporary stress regime may be 'potentially active' (Muir Wood & Mallard, 1992).

In eastern North America, a marked rotation in the direction of greatest horizontal

compressive stress since early postglaciai times (Fig. 4a) (Adams, 1989b; Wu, 1997) suggests

that faults reactivated during deglaciation are no longer likely to be active. However, the

1989 Ungava earthquake in northern Canada reactivated a NE-trending thrust (Adams et al.,

1991), consistent with the style and trend of the postglacial faults, but apparently at odds with

the prevailing contemporary stress regime (Fig. 4a). In northern Sweden, a recent

microseismic study has shown that the Pftrve Fault remains seismically active (Arvidsson,

1996), and there appears to be some general spatial correlation between seismicity and

mapped postglacial faults (Bungum & Lindholm, 1997), including the Stuoragurra Fault

discussed by Dehls et al. (this volume). Despite this, each of the main Lapland postglacial

faults are interpreted as the result of a single 'endglaciar slip event, and there is no surficial

evidence for their steep scarps having been destabilised by later seismic shaking events

(Talbot, 1986, pers. comm.). In short, it remains uncertain as to how 'weak', and thereby

'potentially active', the postglacial faults in Lapland are. Nevertheless, glaciated cratonic

areas like Fennoscandia and eastern Canada are riddled by pre-existing faults and shear

zones, many of which appear optimally oriented for reactivation in the present-day stress

regime, so recognising possible postglacial faults is itself a relatively ineffective way of

identifying potential seismogenic zones.

In many tectonically active regions, palaeoseismic investigations of Late Pleistocene and

Holocene faults are becoming an important way of shedding light on their likely future

behaviour. In less active glaciated regions, however, such palaeoseismological investigations

face particular challenges. The tendency of ice sheets to inhibit seismic activity and to
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removesignsof seismotectonicsformedbeforetheglacialeventmeansthat,almost

inevitably,thetimewindow availablefor palaeoseismologyextendsfrom theonsetof

deglaciationto thepresentday,aperiodroughlycorrespondingto the last16-7kadepending

on the location. This period, though variable between glacial domains, is considerably shorter

than that required to characterise the incidence of large earthquakes in other intraplate

terrains. Perhaps more significantly, as is discussed later, it remains uncertain whether the

nature of postglacial seismotectonics bears any relation to that of the present-day or, by

inference, the future. Although this is a general issue of debate in palaeoseismology, the

problem is more acute in former glaciated terrains, where the pattern, magnitude and

frequency of earthquakes following deglaciation may reflect very different driving forces and

a contrasting stress regime to those operating today. Thus, in Fennoscandia, present-day

seismicity is concentrated around the margins of the former ice sheet, whereas on

deglaciation, earthquakes predominated in the centre of the rebound dome. The association of

seismicity with glacial rebound suggests that in areas experiencing diminishing rebound, the

corresponding level of seismicity decreases over time. In this case, palaeoseismicity alone

would offer a misleading guide to the likely incidence, magnitude and frequency of future

earthquake activity. In this context, the utility of important palaeoseismological tenets, such

as the earthquake loading cycle, fault-behaviour scenarios (e.g. characteristic-earthquake

model) and ideas on earthquake recurrence, are questionable in glaciated terrains.

Intriguingly, perhaps the complex palaeoseismological challenges lie outside the former

glaciated regions. Within and close to the limits of former ice sheets, there is an assumption

that some or all of the observed postglacial deformation and seismicity has a glacial

component. However, whilst rebound models show that appreciable glacial strains can accrue

in the adjacent forebulge domains, glacial loading is rarely considered in those areas as a
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contributaryinfluenceon theincidenceof Holocenetectonism.Wu (1999)discussesthe

extentto whichearlyHolocenepalaeoseismicactivity in southeasternUSA mayhavea

glacialcomponent.Muir Wood(this volume)takesthis further,suggestingthatthegreat

(M>7)earthquakesof 1811-1812(New Madrid)and 1886(Charleston)(Fig. 4a)may

representheightenedseismicstrain-releaseon theoutwardedgeof acollapsingforebulge.

Thedifficulty in neglectingapossibleglacialcomponentis illustratedusingarecent

assessmentof theseismotectonicsignificanceof faultsin theUpperRhineGraben(France).

ThefaultsdisplaceLateCromeriandepositsby 16m andSaaliandepositsby 6 m (Lemeille

et al., 1999). The suggestion that these displacements were coseismic slip events caused

Lemeille and co-workers to argue that, according to their timescale (Late Cromerian = 400-

450 ka and Saalian = 150-300 ka) the faults are characterised by an average recurrence

interval of 25,000 years for M 6.0-6.5 earthquakes. However, this interpretation is

complicated by these ages being different from those accepted elsewhere (Funnell, 1995), and

the fact that the site is within the sphere of influence of ice loads that would have developed

on a large number of occasions in Fennoscandia, the Alps and the nearby Vosges massif

(Seret et al., 1990). Thus it is entirely possible that repeated glacial loading and unloading

cycles over this period may have induced at least some of this fault movement. In this

context it is necessary to question the value of time-averaged fault-slip rates and earthquake-

recurrence intervals in seismic-hazard assessment. Recent studies suggest that more valuable

indicators may be derived from our understanding of the local stress field operating in a

region.
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11. What does the crustal stress field tell us about the contemporary seismotectonics in

glaciated domains ?

A good knowledge of the in situ stress field and its spatial variations is crucial to

understanding contemporary geodynamic processes such as tectonic deformation or

postglacial rebound, and consequently stress data are being used to calibrate and test crustal

rebound models (Grollimund and Zoback, 1999). Rough estimates for the stress state of the

crust comes largely from the analysis of earthquake focal mechanisms and in situ stress

determinations, but these are often sparse or ambiguous in low-seismicity glaciated shields

(Adams, 1989b; Zoback, 1992). Although broad compilations of stress-orientation data

generally highlight regional tectonic stresses (Gregersen 1992), deviations from the regional

stress field may reveal locally anomalous stress regimes prevail. Do such local stress

anomalies reflect the activity of seismotectonic structures?

In this volume, Hicks et al. examine this question in the Rana region of coastal western

Norway (Fig. 5), where a prominent zone of seismicity coincides with a region of elevated

postglacial uplift gradients. Earthquake focal mechanisms determined from a detailed

monitoring network show that the area is a pronounced stress anomaly, though the

microseismicity showed no activity on a fault, the B_smoen Fault, previously suspected of

postglacial reactivation (Olesen et al., 1995). Nevertheless, although other crustal factors

cannot be ruled out, the results suggest that the stress anomaly, and its associated heightened

seismicity, reflects deglaciation-induced crustal flexure, consistent with the modelling work

of Fjelskaar (this volume). Intriguingly, other workers (Adams 1989b, Muir Wood, this

volume) have speculated that the stress anomalies of the type identified in Rana may actually
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represent'stressshadows',thatis, 'ghosts'of largeearthquakesthatoccurredin prehistoric

times;therebyprovidingapossibleexplanationfor themodernseismicqueiscenceof the

B_tsmoenFault.Clearly,futureresearchneedsto focusonwhetherstressanomaliesrepresent

an imprintof pastseismotectonicsor thesignalof ongoingstrainbuildup.

Thepaucityof in situ stress determinations and the potential ambiguity of focal mechanisms

in Iow-seismicity glaciated domains has focused attention on other geological indicators of

crustal strain accumulation. For example, the analysis of minor fractures offsetting modem

glacially-smoothed rock surfaces exposed by historical glacial retreat allowed Norris &

Cooper (1986) to compare modem postglacial strain rates to seismic strain rates along the

Alpine Fault of New Zealand. Another potential indicator are 'pop-ups', postglacial structures

that develop at the surface structures on artificially exhumed (e.g. quarry floors) or naturally-

exposed (river valley floors) rock surfaces in response to high horizontal compressive stress

(Wallach et al., 1993). Wallach and co-workers argued that, in eastern North America, the

mode of formation of 'pop-ups' was consistent with that of subsurface faulting inferred from

earthquake focal mechanisms. Thus, their presence in an area may be indicative of the

potential of that area to host moderate to large earthquakes. In this volume, Roberts describes

another manifestation of high compressive strain in near-surface rocks in the form of reverse-

slip offsets and axial fractures in artificial road-cut boreholes in northern Norway. Muir

Wood (this volume) discusses the potential utility of such small-scale structures in

elucidating the present-day strain field in former glaciated domains. However, in using such

indicators, it should be kept in mind that stress fields in areas undergoing postglaciai rebound

are likely to be particularly complicated, with the axes of principal stress tending to switch,

giving to stress regimes that change with both depth and location (Adams 1989; Talbot

1999).
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12. Do tectonic processes or postglacial rebound dominate contemporary

seismotectonics?

A long-standing question in the study of the present-day seismicity of former glaciated

regions is whether ongoing tectonic deformation or residual postglacial rebound (including

both glacial loading and unloading) is the main cause of earthquake generation. In recent

decades, the consensus view has been that the seismotectonics of deglaciated northern Europe

and eastern North America were dominated by plate-tectonic boundary forces (Gregersen &

Basham, 1989). In both Fennoscandia and Eastern Canada, the regional distribution of

seismicity appears to show little correlation with the pattern of postglacial rebound, and

instead seismic activity appears to concentrate along pre-weakened tectonic zones. Much of

the glacio-isostatic uplift centre of eastern North America appear to be substantially aseismic,

and seismic activity instead concentrates along former rift zones at its eastern continental

margin (Fig. 4a) (Adams & Basham, 1989; Hasegawa & Basham, 1989). In northern Europe,

most of the larger earthquakes (M>4) are distributed along the coastal regions, where they

similarly tend to be localised in pre-weakened tectonic zones (Bungum & Fyen, 1980;

Kvamme & Hansen, 1989) (Fig. 5). The interiors of these former glaciated domains, where

postglacial rebound rates are greatest, are again relatively non-seismic (Slunga, 1989;

Wahlstrom 1989; Gregersen et al., 1991; Skordas & Kulh_nek, 1992). Furthermore, the

contemporary stress fields in both Fennoscandia and eastern North America do not appear to

be dominated (or even perturbed) by the effects of past glaciation, and instead are most

readily explained as a response to stresses exerted at the nearest plate boundary, the Mid-

Atlantic Ridge (Adams, 1989b; Adams and Bell, 1991; Gregersen et al., 1991). Taken

together, this evidence previously had been taken to suggest a tremendous change in the
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stressfield in theHolocenetime,fromonedominatedbypostglacialunloadingright afterthe

LastGlacialMaximum toonedominatedby presentplatemotiontoday(M6rner, 1979;

Stephansson,1989;Gregersen,1992).But is this really thecase?

Thenewglacialreboundmodelsdemonstratewhy glaciatedinteriorsareIow-seismicity

domains:rebound-inducedhorizontalstrainsaregreatestat theicemarginsnot in theareaof

greatestice thickness.Forexample,Mitrovica et al. (1994), computed crustal expansion rates

of - 1 mm/yr beneath the rebounding Fennoscandian and Laurentide shields and crustal

contraction rates of- 0.5 mm/yr in the adjacent collapsing forebulge. By comparison,

horizontal crustal movements of up to 2mm/yr are predicted for the ice-marginal zones (e.g.

in northeast Labrador and western Norway). The equivalent strain rates in these ice-proximal

zones are likely to be significantly (perhaps two orders of magnitude) higher than the tectonic

strain rates found in the continental interiors (Johnston, 1989). A spatial coincidence between

steep gradients of postglacial rebound and seismicity along the northeastern margin of the

former Laurentide ice sheet was noted by Hasegawa and Basham, (1989), and several papers

in this volume similarly draw attention to this association in Fennoscandia (Fjelskaar, this

volume; Hicks et al., this volume).

Despite the amplification of horizontal crustal motions along former ice-margins, glacial

rebound models predict that the largest present-day vertical motions will occur where the ice

sheet had been thickest (Fig. 4b). This expectation has been confirmed by recent GPS

measurements which, along with modeling results and evidence from mareograph and precise

levelling, shows high rates of vertical surface displacement in the centre of the Late

Pleistocene glaciation regions of Fennoscandia and North America (Scherneck et al., 1998;



36

Arguset al. 1999). The seismotectonic significance of such vertical motions remain unclear.

In Fennoscandia, the region of current maximum uplift rates lies close to the Lapland Fault

Province (Fig. 5), though the province probably occupied an ice-margin position when the

bulk of fault activity occurred. What is clear from both models and measurements of ongoing

crustal motions is that rebound stresses need not be insignificant at the present day. Thus

while rebound stresses in Fennoscandia are predicted to have waned progressively since early

postglacial times, they remain of sufficient order to maintain crustal instability in large parts

of the region (Johnston et al., 1998). The occurrence of focal mechanisms of different

faulting styles (normal, thrust and strike-slip) in close proximity in this region suggest local

stress perturbations that may be due to residual glacial rebound (Mi.iller et al. 1992). In

eastern Canada, depending on the viscosity structure of the rebound model used, crustal

instability may be either diminishing (low viscosity - 102tpa) or increasing (high viscosity -

1022pa) over Holocene times, the latter predicting enhanced earthquake activity over the next

few thousand years (Wu 1998). According to Wu (1999), even with a low-viscosity rebound

model it is possible to explain the spatial distribution of earthquakes in eastern Canada and

Fennoscandia, their onset time, the observed stress orientations and most of the observed

styles of tectonic deformation. The modelling work confirms the earlier view by Quinlan

(1984) that although rebound-induced stress changes are sufficiently small (of the order of a

few MPa) that they are unable to cause fracture, they are enough to trigger earthquakes on

marginally stable pre-existing faults in tectonically weakened zones.

In summary, the present consensus appears to be that both tectonic forces and rebound stress

are needed to explain the distribution and style of contemporary earthquakes in regions like

eastern Canada and Fennoscandia (Wahlstrom, 1993; Arvidsson & Kulhanek, 1994; Wu,

1999; Wu et al., 1999). However, other forces may also contribute. In Fennoscandia, recent
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studieshavearguedthatalthoughplate-boundarytectonicstressesdrive theregional

compressivestressfield, thesefar-field tectonicstressesarethemselvesinsufficientto

accountfor thecurrentlevelof seismicity,and,therefore,otherregionalor localmechanisms

mustoperate,suchasflexuralstressesfrom sedimentaryloadingand/orglacialrebound

(Byrkjelandet al., 2000; Fejerskov & Lindholm, 2000). In this volume, Fjeldskaar argues that

the bulk of observed seismicity in Fennoscandia can be explained by a model of postglacial

rebound that is consistent with the observations of deglaciation, palaeoshoreline tilts and the

present rate of uplift. However, the coincidence of pronounced seismic activity in areas with

anomalously high uplift rates suggests that glacio-isostatic movements are locally overprinted

by a weak tectonic component. Fjeldskaar notes that not all of this component need be

tectonic, since the areas of anomalous uplift occur in the topographically elevated zone of

western Fennoscandia where enhanced glacial erosion during the Late Pliocene and Early

Pleistocene may similarly cause additional compensatory uplift. The effect of topography is

neglected in the most current Earth model, as is lateral variations in lithospheric thickness

and/or asthenospheric viscosity, but both factors are likely to be important in simulating

postglacial-rebound responses at the mountainous rifted margins of deglaciated shields, such

as that of western Norway and of Baffin Island (Arctic Canada) (Hasegawa and Basham,

1989; Muir Wood this volume).

In this volume, Muir Wood argues that current Earth models of postglacial rebound neglect

an additional factor: tectonic strain-energy accumulating during the period that the ice-sheet

was in existence. The interaction of the postglacial rebound strain field with the prevailing

tectonic strain field will cause areas of constructive interference (where crustal instability and

seismicity is promoted) and areas of destructive interference (areas of aseismicity). Although

seismicity generally occurs around the margins of the former ice sheet, Muir Wood predicts
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thatthehighestmagnitudeearthquakeswill occurin thosequadrantsof theformerforebulge

wherethemaximumhorizontalcompressivestresscoincideswith thedirectionof tectonic

strainpolarisation.Adams(1989a)hadproposedsuchasimilarconceptualmodelfor eastern

NorthAmerica,butMuir Woodarguesthatthemodelis alsocapableof explainingthebulk

of theseismicityobservedacrossnorthernEurope(Britain andFennoscandia).

13. The modulation by glaciers of the mountain building process

The question of whether tectonic uplift or adjustment to glacial erosion might account for

zones of anomalous present day uplift in Fennoscandia (Fjelskaar, this volume, pp )

touches upon an issue of major current debate - how climate, tectonism, and topography

interact in the mountain building process (e.g., Molnar and England, 1990, Small, 1999;

Whipple et al., 1999). Part of this debate centres around the role of glaciers in setting the

form of orogenic topography and in their efficiency as erosional agents. For example, studies

in the Southern Alps of New Zealand (Kirkbride & Mathews, 1997) suggest that ca, 70 ka is

needed for glaciers to erode recognisable parabolic profiles along V-shaped river valleys,

while it will take ca. 320 ka to erode mature glacial troughs.

Hitherto, research on glaciers as a driving force for mountain building has focused on how

fluvial erosional systems in orogenic terrains are influenced by climate, tectonism, and

geomorphology (Koons, 1989; Whipple and Tucker, 1999, Willett, 1999). This tendency has

been prompted, in part, by the fact that river erosion tends to predominate in active orogenic

belts at present, though the role of other processes is now receiving some consideration.

However, modern analogue studies must be of limited value as the forcing factors operating
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duringthecolderperiodsof theQuaternaryweredifferent fromthoseof today,andmany

activeorogenicbeltshavebeenextensivelyglaciatedfor significantperiodsof time. Therole

glacialerosionon themountain-buildingprocessthereforeneedsto be consideredmorefully

(e.g.,Porter,1989;Brozovicet al., 1997).

One orogen in which erosion by glaciers played, and continues to play, an important role is in

southern Alaska (Meigs and Sauber, this volume). In this setting, mean orogen-scale erosion

involves primarily glacial erosion of bedrock as well as erosion in areas of the landscape that

are ice-marginal and are deglaciated at glacial minima. Former erosion is likely to be most

efficient near the equilibrium line altitude (ELA) of the glaciers where the ice sliding velocity

and the glacier thickness is greatest. Oscillations between glacial and interglacial climate

control ice distribution, thickness and gradient, which in turn, modulates the locus, mode and

rate of erosion in the landscape. To quantify the form of the landscape in this glaciated

orogen, Meigs and Sauber Characterized topographic form, hypsometry, mean elevation, and

slope regionally using a digital elevation model of southern Alaska. The range scale

influence of glacial erosion was estimated by comparing landscape characteristics with the

location of the current and LGM ELA's where ice-bedrock interface erosion is inferred to be

highest. These data, along with recent estimates of ongoing deformation patterns from GPS

geodetic measurements, have served as a basis to explore the linkages between the modern

plate-boundary deformation field, long-term patterns of crustal deformation, and the temporal

and spatial distribution and fluctuation of glaciers.
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Conclusions

Emerging studies show how glacial dynamics may modulate the deep-seated viscoelastic

response of the Earth, the nature and incidence of upper-crustal faulting and earthquake

generation and even the mountain-building process itself. Such bold contentions arise from a

new generation of postglacial rebound models that show how the viscoelastic response of the

mantle can exert significant horizontal and vertical stresses both within and outside the limits

of former ice sheets. These glacial rebound models, however, use estimates of Earth rheology

that could be better constrained with additional spatial and temporal data; and high-resolution

palaeoshoreline and sea-level change data will continue to be critical in serving this purpose

(e.g., Gehrels et al., 1996; Tackman et al., 1998). Additionally, such data may provide

information on local crustal movements (Dyke, 1993; Gehrels, 1994; England, 1997).

In the absence of absolute age control, high-resolution morpho-stratigraphic deglaciation

chronologies are critical for constraining the timing of fault movement in many former

glaciated domains. However, this is not restricted to the tectonically quiescent glaciated

shields, since in tectonically active settings too, glacial landforms or stratigraphies may

provide the basis of fault-movement histories (Sutherland & Norris, 1995; Brown et al.,

1998). This, together with the difficulties in discriminating tectonic faulting and

palaeoseismic deformation from glaciogenic or cryogenic pheonemena, will require a far

closer collaboration between seismologists and earthquake geologists and Quaternary

scientists and glaciologists.
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Improved understanding of past seismic activity has rewards not only for seismic-hazard and

radioactive waste-disposal research, since earthquakes are increasingly regarded as a

dominant control on sedimentation patterns along former glaciated continental margins

(Laberg & Vorren, 1995; Vorren et al., 1998; Hunt & Malin, 1998). These sedimentation

patterns, in turn, provide one means of assessing the long-term contribution of glacial erosion

to marginal uplift (Vagnes et al., 1992). Even away from the centres of glacial loading, the

interplay between tectonic movements and erosion-driven isostasy has been interpreted as

important controls on valley incision and river-terrace formation (Maddy, 1997). Such

interplay is likely to be even more acute along tectonically active glaciated uplands. In short,

the interactions between ice sheets, crustal deformation and seismicity operate at a range of

scales and in a dynamic and complex fashion, and collaboration between'Quaternary

scientists and geophysicists and tectonicians is essential in unravelling them.
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Table 1: Summary of the attributes of documented postglacial faults within the Lapland Fault

Province (from Dehls et al. 2000). The major faults are NE-SW trending reverse

faults and occur within a 400 x 400 km large area in northern Fennoscandia. The

scarp height/fault length ratio is generally less than 0.001. Moment magnitudes are

calculated from the fault offset and length parameters utilising relations of Wells and

Coppersmith (1994). Note that other studies have suggested that moment magnitudes

on the P_ve and Lansj_v faults may be as high as 8.2 and 7.8, respectively

(Arvidsson 1996, Johnston, 1996).

Figure Captions

Fig. 1: Conceptual model for near-surface postglacial stresses during deglaciation. The

exploded block model illustrates how the superimposition of changing glacial flexural

stresses (light grey arrows) on a uniform regional tectonic stress field (black arrows)

results in contrasting resultant stress states (dark grey) and different styles and

orientations of stress-relief phenomena at the ice margin (A and D), the forebulge (B

and E) and the undeformed foreland (C and F). Modified from Adams (1989a) after

Walcott (1970). Note the considerably exaggerated vertical scale difference between

the lithosphere thickness and the ice sheet thickness.

Fig. 2: A simplified loading history for Fennoscandia during the last (Weischelian) major

glaciation (from Talbot 1999, fig. 6a). Ice thickness appears above the time axis and

consequent crustal depression appears below. The model illustrates how rapid vertical
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ice loadingandunloadingchangesleadto far slowercrustaldepressionor rebound,

andthatthescaleof crustalresponseis considerablylessthantheimposedice-mass

fluctuations,reflectingthedeepermantleflow.

Fig. 3: A diagrammaticrepresentationof theimpactof glacialloading(a) andunloading(b)

on thecrustin aregionwith a compressivestressregime.Modified from Muir Wood

(1989)andFenton(1992).Note theconsiderablyexaggeratedverticalscaledifference

betweenthecrustalthickness(-100 km)andtheice-sheetthickness(-3 km).

Fig.4: (a)Distributionof seismicity(openandsolidcircles)ineasternNorthAmericain

relationto themainicelimits (solid line)andprincipalicedivides(dashedlines)at

theLastGlacialMaximum.Thedatesandmagnitudesof largeor notableearthquakes

aregiven.Thecomparativeaseismicityof theLaurentideglacial interiorcontrasts

markedlywith theapparentseismicexpressionof its formermargins.Despitethe

coincidenceof earthquakeswith the icemargins,greateststressdirectionsinferred

from focal-mechanismP axesof recentearthquakesappearto bealignedparallelto

theregionaldirectionof maximumhorizontalcompression(oHmax - thingreyarrow

pairs)imposedby tectonicstress(Mid-Atlantic ridgepush).Blackarrowsshow

horizontalmotions(mm/yr)predictedbythepostglaciaireboundmodelof Peltier

(1996)for sitesat whichthereis newgeodetic(very longbaselineinterferometryand

satellitelaserranging)control(Arguset al., 1999)• The arrows illustrate the outward

radial pattern of crustal motion around the former ice sheet, though GPS results

indicate that the rates are probably too high; sites beneath the former margins of the

Laurentide ice sheet are currently moving laterally away from the ice-sheet centres at

<1.5 mm/yr (Argus et al. 1999). Inferred directions of oHmax at early postglacial
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time(deducedfromsmallthrustfaults)areshownin theshortgreyinward-pointing

arrowheads(fromAdams1989),andappearto beparallel to theradialglacial

stresses.Theopensquaresshowthelocationsdiscussedin thetextwherelate

Quaternaryfaultingis observedor proposed:theApsyFault (A); theUngava

Peninsula(U); andPeelSound(P).Seismicityis afterJohnston(1989b),augmented

by newdatafromCanadafrom Adams(1996).Icelimits areafterDyke& Prest

(1987),Andrews(1991,fig. 1)andEngland(1997).

(b) NW-SEcrosssectionacrossNorthAmericacomparingmodelpredictionsof

verticalcrustalmotionswith observedmotionsfrom theGPSresultsof Arguset al.

(1999). The results support the expectation that highest rates of vertical surface

displacement occur in the former centre of the Late Pleistocene ice sheet.

Fig. 5. Location of earthquake epicentres and postglacial faults in the Lapland Fault Province

of northern Fennoscandia. Numbers indicate faults whose parameters are given in

Table 1. The location of the Bhsmoen Fault, a suspected postglacial fault at Mo i Rana

(Hicks et al., this volume) is also shown. Elliptical zone defined by dashed line shows

the region in which GPS measurements (BIFROST project) indicate vertical surface

uplift rates > 10 mm/yr (Scherneck et al., 1998).

Fig. 6. Changing styles of faulting in Fennoscandia with changes in the pattern of glacial

loading and unloading during deglaciation. Normal faulting is predicted in the white

area, strike-slip faulting in the light-grey region and thrust faulting in the dark-grey

region. From Johnston et al. (1998, fig. 13).
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Stewart, Sauber and Rose - Fig. 1 (Adams - Freehand 5.0)
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Stewart, Sauber & Rose - Fig. 2 (Taibot.cdr)
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Stewart, Sauber and Rose - Fig. 3 (Muirwood2 - Freehand 5.0)
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Stewart, Sauber & Rose - Fig. 4 (Namerica.cdr)
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Stewart, Sauber & Rose - Fig. 5 (Lapfault.cdr)



Stewart,Saubcr& Rose - Fig. 6 (Johnston..cdr)
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